Purpose: We measured T 1 and T 2 values of cerebral postmortem magnetic resonance (PMMR) imaging and compared the data of cadavers with that of living human subjects.
Introduction
The worldwide decline in the rate of conventional autopsies has led to the need for and frequency of postmortem imaging as a complementary, supplementary, or alternative method for autopsy. [1] [2] [3] [4] [5] [6] [7] Postmortem magnetic resonance (PMMR) imaging has shown that MR signals and image contrast change after death. 8 -10 Optimization of parameters for PMMR imaging and accurate interpretation of imaging findings require analyses of quantified data. Several papers have described PMMR imaging findings in the brain, 8, [11] [12] [13] [14] and PMMR imaging and ADC values of the adult brain, 12, 13 T 1 and T 2 values of the pediatric brain, 14 and T 1 and T 2 values of the rat and human adult brain in vitro have been reported. 15, 16 However, we believe there are no published data regarding quantitative T 1 and T 2 values in vivo of cerebral PMMR imaging of adults. Herein, we report the T 1 and T 2 values of cerebral MR imaging of deceased adults and compare them with those of living adult subjects.
Materials and Methods

Subjects
We examined PMMR imaging data of 30 adults (22 men, 8 women; aged 26 to 96 years, mean 58.2 years) who died suddenly and unexpectedly and had no abnormal results of neuropathological examination of the brain. Their bodies were kept in cold storage at 4°C and subjected to PMMR imaging 12 to 96 hours after confirmation of death (mean 29.4 hours). Their rectal temperatures, measured immediately after PMMR imaging with an industrial thermometer (7-257-01, AS ONE, Osaka, Japan) were 5 to 30°C (mean 15.6°C).
Autopsy was performed on each subject after PMMR imaging. Causes of death were 5 cases each of ischemic heart disease, suffocation, and acute heart failure, 3 cases of drowning in the bathtub; 2 cases each of malnutrition, acute drug intoxication, cervical spine injury, and acute alcohol intoxication, and one case each of hemorrhagic gastric ulcer, diabetic ketoacidosis, traumatic rupture of the aorta, and ileus.
For comparison, we also examined MR imaging data of 24 healthy volunteers (9 men, 15 women; aged 43 to 79 years, mean 51.8 years) who gave written informed consent to participate in our study. None of these subjects had intracranial morphological abnormalities on MR imaging, neurological disease, history of severe head trauma, or psychiatric disorder. Mean age did not differ significantly between the deceased and living subjects.
Scan conditions
With the permission of our institutional ethics committee, we performed PMMR imaging and MR imaging of volunteers using the same 1.5-tesla MR imaging clinical scanner (Avanto, Siemens, Erlangen, Germany) with a dedicated 12-element phased-array head coil. We measured T 1 and T 2 values with a relaxation time (RT) map creation tool (syngo MapIt, Siemens, Erlangen, Germany). 17 Table 1 shows the scan parameters for the brain.
Analyses
A radiological technologist (K.T.) with 5 years of experience defined circular regions of interest (ROIs) of 5 mm 2 in the brain bilaterally in the caudate nucleus, putamen, thalamus and gray matter and white matter in the frontal lobes at the level of the basal ganglia ( Fig. 1 ).
Statistical analyses were performed using statistical software (Excel 2010, Microsoft, Redmond, WA, USA) with Statcel 2 (OMS, Tokyo, Japan) add-in software. Parametric statistics (arithmetic mean value « standard deviation [SD]) and Student's t test were used with a significance value of p < 0.05 for group differences.
We compared measured RT values between the deceased and living subjects and investigated the extent of the influence of differences in rectal temperature on T 1 and T 2 values. The relationships among T 1 values, T 2 values, and rectal temperatures were statistically analyzed with Pearson's correlation coefficient using the least squares method. 
Results
We observed no specific abnormality, except for signal intensity and contrast, between cerebral PMMR imaging and MR imaging of living subjects. T 1 and T 2 values did not differ significantly between the bilateral hemispheres (p Ú 0.05), so we averaged values from both hemispheres. Table 2 shows mean T 1 and T 2 values for the adult brain. Compared with the cerebral MR imaging of the living subjects, PMMR imaging showed significantly shorter T 1 values in the caudate nucleus, putamen, thalamus and gray matter and white matter of the frontal lobe. T 2 values were significantly longer in the gray matter and white matter of the frontal lobe, but no such significant differences were found in the caudate nucleus, putamen, and thalamus.
With PMMR imaging, T 1 values correlated significantly with rectal temperature for the 5 sites of the brain measured ( Fig. 2a-e ), but T 2 values did not ( Fig. 3a-e ). 
Discussion
Compared with the findings of cerebral MR imaging of living subjects, T 1 values tended to be shorter and T 2 values prolonged on PMMR imaging. This result will help in the optimization of scan parameters for PMMR imaging, which we are investigating. 18, 19 Three major reasons are considered for this difference in MR relaxation times.
The first is the increased water content of tissue. Katayama and associates reported the time-course increase of the water component of the brain using animal models of complete ischemia created by removing the hearts of rats. 20 This is attributed to increased lactic acid as a result of anaerobic glycolysis and increased osmotic pressure due to an increased number of proteins caused by autolysis in the ischemic brain, which results in the absorption of spinal fluid around the brain. [21] [22] [23] When the water content of brain tissue increases, T 1 and T 2 values of the brain increase. 24 -26 The second reason is a reduction of pH. The increase of lactic acid induces acidosis of the brain and resultant pH reduction. 27, 28 Investigating the livers of rats, Moser's group reported that reduction of pH caused prolongation of T 2 values; they did not mention T 1 values. 29 We consider that pH reduction in the postmortem human brain can cause prolongation of T 2 values.
The third reason is cooling of the body after death and subsequent storage of the cadaver in a refrigerator. The Bloembergen-Purcell-Pound theory states that the changes in T 1 and T 2 values are related to temperature change. 30 Reporting findings of their in vitro study, Nelson and Tung observed the linear shortening of T 1 values in the temperature range from 20 to 50°C in accordance with the reduction of temperature in CuSO 4 solutions, oils, tissue-simulating solutions (5% bovine serum albumin, 10% liposyn, 95% ethyl alcohol), and the white and yolk of an egg. 31 They noted that T 2 values were stable irrespective of temperature reduction in tissue-simulating solutions and the white and yolk of an egg. 31 In the temperature range from 4 to 37°C, Birkl and colleagues reported a linear decrease in the T 1 values of resected brain in accordance with the reduction of temperature, although T 2 values were stable irrespective of temperature reduction. 16 These re- ports agree with our findings that T 1 values decreased in accordance with the reduction in body temperature but T 2 values were stable when body temperature ranged from 5 to 30°C.
Regarding T 1 values, compared with MR imaging of living bodies, PMMR imaging of deceased bodies showed significantly shorter T 1 values in the caudate nucleus, putamen, thalamus and gray matter and white matter of the frontal lobe. This indicates that in the brain, the T 1 shortening effect due to low temperature is greater than the T 1 prolongation effect due to an increased water component.
Regarding T 2 values, compared with findings of MR imaging in living subjects, PMMR imaging in our study showed significantly prolonged T 2 values in the gray matter and white matter of the frontal lobe, attributable to the increased water content and reduced pH of tissue. T 2 values of the caudate nucleus, putamen, and thalamus did not change significantly because of the deposition of ferritin, a paramagnetic substance. According to Curie's law, the magnetic susceptibility of a paramagnetic substance is inversely proportional to the absolute temperature. 32 The increased magnetic susceptibility associated with temperature reduction induces changes in relaxation time. 33 Ferritin has a very weak T 1 shortening effect and strong T 2 shortening effect. 34 Therefore, for the caudate nucleus, putamen, and thalamus, we consider that the T 2 prolongation effect due to an increased water component and reduced pH and the T 2 shortening effect due to ferritin at low temperature negated each other.
Thayyil and colleagues reported that compared with findings of MR imaging in living subjects, findings from cerebral PMMR imaging in children showed longer T 1 and T 2 values (time after death, 2.5 days, range, 2 to 5 days; axillary temperature, 7.4°C, range, 7.0 to 7.8°C). 14 Our findings of a tendency for shorter T 1 values and longer T 2 values differed from Thayyil's results regarding T 1 values. We presume this difference is because their subjects were infants and ours were adults. The greater water content of brain tissue in children than adults 35, 36 can be one reason for the age-dependent difference in RT 37 and explain the discrepancy between the results of Thayyil's group and ours.
Our study has 2 limitations. One is magnetic field strength. We conducted measurements using only a 1.5T MR imaging unit. RT depends on the magnetic field strength and may differ using imaging units of different strengths. Nonetheless, comparing the findings of MR imaging of the living subjects with those of PMMR imaging, we assert that the tendency of shortened T 1 and prolonged T 2 remains similar irrespective of the magnetic field strength. The sec-ond limitation is pH. Because we did not directly measure pH, we cannot define the degree of the acidosis effect on the T 2 values. Measurement of cerebral pH with an MR imaging system by chemical exchange saturation transfer imaging 38 will enable quantified measurement of the acidosis effect on T 2 values.
In conclusion, compared with findings of cerebral MR imaging of living adult subjects, T 1 values tended to be shorter and T 2 values longer on PMMR imaging. The reasons for these phenomena include increased water content of tissue, reduced pH, and reduced body temperature after death.
